Pyruvate kinase M2 (PKM2) is an alternatively spliced variant of the pyruvate kinase gene that is preferentially expressed during embryonic development and in cancer cells. PKM2 alters the final rate-limiting step of glycolysis, resulting in the cancer-specific Warburg effect (also referred to as aerobic glycolysis). Although previous reports suggest that PKM2 functions in nonmetabolic transcriptional regulation, its significance in cancer biology remains elusive. Here we report that stimulation of epithelial-mesenchymal transition (EMT) results in the nuclear translocation of PKM2 in colon cancer cells, which is pivotal in promoting EMT. Immunoprecipitation and LC-electrospray ionized TOF MS analyses revealed that EMT stimulation causes direct interaction of PKM2 in the nucleus with TGF-β-induced factor homeobox 2 (TGIF2), a transcriptional cofactor repressor of TGF-β signaling. The binding of PKM2 with TGIF2 recruits histone deacetylase 3 to the E-cadherin promoter sequence, with subsequent deacetylation of histone H3 and suppression of E-cadherin transcription. This previously unidentified finding of the molecular interaction of PKM2 in the nucleus sheds light on the significance of PKM2 expression in cancer cells.
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pyruvate kinase M2 | epithelial-mesenchymal transition | colorectal cancer | invasion | transforming growth factor-β-induced factor homeobox 2 C olorectal cancer (CRC) is the second most common cancer in the world, with more than 1.2 million new cases and about 600,000 deaths annually (1) . Cancerous cells exploit a cancerspecific glycolytic system known as the Warburg effect (also referred to as aerobic glycolysis), which involves rapid glucose uptake and preferential conversion to lactate, despite an abundance of oxygen (2, 3) . The precise mechanism underpinning aerobic glycolysis was unclear for a long time. However, in 2008, pyruvate kinase M2 (PKM2) gained attention when its expression was shown to be required for the maintenance of aerobic glycolysis (4) . PKM2 is an alternatively spliced variant of the PKM gene that regulates the final rate-limiting step of glycolysis. PKM2 is expressed during embryonic development, but it is generally not expressed in most adult tissues. However, its counterpart, PKM1, is exclusively expressed in adult tissues. PKM2 has been shown to be reactivated in tumor development (5, 6) . In cancer cells, PKM2 expression allows the diversion of glycolytic flux into the pentose phosphate pathway associated with attenuated pyruvate kinase activity, thereby meeting the biosynthetic demands for rapid proliferation (3) .
Investigations about the nuclear function of PKM2 arose after elucidation of the PKM2 metabolic function. It was identified that in cancer cells, PKM2 can translocate into the nucleus and function as a transcriptional cofactor in response to several extracellular signals, including EGF and hypoxia, subsequently activating CYCLIN D1, C-MYC, or hypoxia-inducible factor 1α (HIF-1α) (7, 8) . Particularly in the hypoxic condition, PKM2 interacts with HIF-1α and participates in a positive feedback loop, thereby enhancing HIF-1α transactivation and reprogramming glucose metabolism by regulating the expression of glycolysis-associated enzymes (8) . This finding suggested that the PKM2 nuclear function may operate upstream of metabolic regulation and that the resultant metabolic reprogramming and oncogene activation by PKM2 work cooperatively to promote cancer cell proliferation and tumor growth.
In addition to proliferation maintenance and growth suppression prevention, invasion and metastasis have also been targeted as hallmarks of cancer (9) . In the invasion process, cancer cells acquire the ability to dissociate from the bulk of the tumor and to migrate into the surrounding stroma, which is regulated by epithelial-mesenchymal transition (EMT) (9, 10) . During EMT, cancer cells lose their cell-to-cell contacts by
Significance
Our study shows that pyruvate kinase M2 (PKM2), an alternatively spliced variant of the pyruvate kinase gene, mediates epithelial-mesenchymal transition (EMT), which is critical for cancer cells to acquire invasive potential. Our study demonstrates that EMT stimulates nuclear translocation of PKM2 and decreases epithelial cadherin transcription (a requirement for EMT induction). Our results also demonstrate that PKM2 interacts with the transcriptional factor TGF-β-induced factor homeobox 2, which induces the deacetylation of histone H3, resulting in repressed E-cadherin expression. The precise understanding of nuclear PKM2 function suggests the potential for a model preventing cancer metastasis. inhibiting epithelial cadherin (E-cadherin; encoded by CDH1) expression and acquiring mesenchymal markers. This process is physiologically important during embryogenesis and is required for in utero development. Given that PKM2 expression and EMT are common to both tumorigenesis and development, PKM2 may affect EMT within cancer cells. However, the significance of PKM2 during EMT or invasion is yet to be investigated.
In the present study, we demonstrate that PKM2 translocates into the nucleus during EMT and acts as a transcription cofactor that inhibits CDH1 expression. PKM2 interacts with TGF-β-induced factor homeobox 2 (TGIF2), which recruits histone deacetylase 3 (HDAC3) to the promoter sequence of E-cadherin, thereby promoting histone H3 lysine 9 (H3K9) deacetylation and CDH1 expression down-regulation.
Results
EMT Induction Elicits Nuclear Translocation of PKM2. For the induction of EMT, we cultured colon cancer cells in a medium with TGF-β1 and EGF, as described previously (Fig. 1A ) (11) (12) (13) (14) . The SW480 cells changed morphology from epithelial to fibroblasticlike and spindle-shaped in a time-dependent manner (Fig. 1B) . Consistent with this observation, CDH1 transcript expression was suppressed, whereas the expression levels of the vimentin (VIM), zinc finger e-box binding homeobox 1 (ZEB1), and snail family zinc finger 2 (SNAI2) genes were increased (Fig. 1C) . PK gene expression was induced in the EMT condition, with preferential expression of PKM2 compared with PKM1 ( Fig. 1D ). Western blot analysis indicated that the induction of EMT resulted in decreased CDH1 expression, increased VIM expression, and up-regulated PKM2 (Fig. 1E ). We confirmed that the expression and secretion of endogenous TGF-β1 was minimal in SW480 ( Fig. S1 A and B) .
To determine the intracellular localization of proteins, cytoplasmic and nuclear fractions were separated from the EMTinduced cells and Western blot analysis was performed. The data indicated that, although the EMT condition stimulated an increase in cytoplasmic PKM2, nuclear PKM2 was augmented compared with levels in the pre-EMT state (Fig. 1F ). Immunocytochemistry and immunofluorescence intensity quantification confirmed the increase in nuclear PKM2 (Fig. S2 A-D) . In addition, we confirmed that nuclear PKM2 was also increased in HCT116 cells under the same EMT condition (Fig. S2E ) and that the expression of EMT markers was increased in murine Pkm2 knock-in, compared with Pkm1 knock-in, mesencymal cells, as well as other human cancer cells ( Fig. S1 C and D) .
Previous studies showed that EGF stimulation increased nuclear PKM2 (7) and indicated that cytoplasmic PKM2 functions with tetramer formation, whereas nuclear PKM2 functions with dimer formation. Given that the large hydrophobic hole at the nucleotide binding site is buried in tetrameric PKM2 structure, which becomes accessible in dimer form (15) , the dimer formation may provide a protein binding ability. We studied the status of PKM2 during EMT and found that simultaneous stimulation by TGF-β1 and EGF, in comparison with either alone, resulted in increased expression of an ∼120-kDa complex, corresponding to dimeric PKM2 ( Fig. 1G and Fig. S3 ). The present study demonstrated that PKM2 nuclear translocation was stimulated in the EMT condition, suggesting a unique function of PKM2 in the nucleus.
PKM2 Expression Is Required to Induce EMT. To investigate the causative role of PKM2 in EMT induction, we cultured cells with endogenous PKM2 inhibition by small interfering RNA (siRNA) knockdown (KD) under EMT conditions. We used the siRNA targeting system, which reportedly inhibits PKM2 without any offtarget effects on other genes (16) , and the results indicate that the most effective siRNA sequence could inhibit transcriptional and translational levels of PKM2, whereas those of PKM1 were increased ( Fig. S4 A and B) . PKM2 KD failed to induce spindleshaped morphological changes under EMT conditions ( Fig. 2A) . Expression analysis indicated that PKM2 KD prevented CDH1 down-regulation, although VIM expression persisted (Fig. 2B) , suggesting a role for PKM2 in CDH1 transcription. Fifty percent reductions in glucose or glutamine in the medium did not have significant effects on EMT marker expression (Fig. S5A) , suggesting distinct effects on EMT and metabolism.
Western blot analysis indicated that PKM2 KD hindered CDH1 loss and VIM gain compared with the control (Fig. 2C) . Inhibition of EMT by PKM2 KD resulted in a significant reduction in in vitro cellular invasiveness (Fig. 2D) . The assessment of mothers against decapentaplegic homolog 2 (SMAD2) and ERK, which are downstream effectors of TGF-β1 and EGF signaling, indicated that PKM2 KD disturbed the phosphorylation process (Fig. S5B) . To minimize the effect of an alternative exon and to focus on the function of PKM2 in the nucleus, we established PKM1-and PKM2-overexpressing (OE) cell lines (PKM1 and PKM2 OE in Fig. 2E ). In brief, we transfected the cells with a small hairpin RNA (shRNA) vector targeting the common region in PK and then introduced an overexpression vector of PKM1 or PKM2 cDNA without a complementary sequence to the shRNA (Fig.  2F) . We cultured the established cells in EMT-inducing conditions. The results demonstrated a greater decrease in CDH1 expression and greater increase in VIM and ZEB1 expression in PKM2 OE cells compared with that in PKM1 OE cells (Fig. 2G  and Fig. S4C) . Consistent results were obtained by Western blot analysis (Fig. 2H) . These results indicate that PKM2 expression is necessary for EMT induction.
Nuclear PKM2 Binds to TGIF2 and Represses CHD1 Expression. Nuclear PKM2 reportedly binds to and phosphorylates STAT3 through its function as a protein kinase (15) . The observation that nuclear PKM2 increased during EMT led us to consider the possibility that PKM2 may interact with other transcription factors. To validate this hypothesis, fractions pulled-down with the PKM2 antibody were subjected to LC-electrospray ionized TOF MS analyses. The result showed that nuclear PKM2 was coimmunoprecipitated with TGIF2 and that this binding was detectable when both EGF and TGFβ1 were added to the culture (Fig.  3A) . These findings were confirmed by immunoprecipitation, followed by Western blot analysis (Fig. 3B) . The EMT stimulation resulted in the significant increase of TGIF2 expression (Fig. S6A) . TGIF2 KD did not show significant alterations of PKM2 expression regardless of EMT induction (Fig. 3E and Fig.  S6B ). We could not detect an association of PKM1 with TGIF2 in the nucleus (Fig. S7A) , which further supports the cytoplasmic localization of PKM1 (Fig. 1F) .
Melhuish et al. (17) revealed that TGIF2 is a transcriptional repressor that suppresses TGF-β-responsive gene expression by binding to TGF-β-activated SMADs. First, we performed TGIF2 KD, followed by EMT induction (Fig. 3C and Fig. S6B ). TGIF2 KD enhanced the decrease in both the transcriptional and the translational levels of CDH1 expression (Fig. 3 D and E) . To analyze the difference in the effect of TGIF2 KD in cells expressing either PKM1 or PKM2, we performed TGIF2 KD on PKM1 OE and PKM2 OE cells, followed by EMT induction. Interestingly, the decrease in CDH1 expression and increase in VIM expression were similar at the transcriptional and translational levels after EMT induction in both cell lines (Fig. 3 F  and G) . These results indicate that the augmented sensitivity to EMT induction in PKM2 OE cells is abrogated under TGIF2 suppression. These data further suggest that nuclear PKM2 responds to EMT stimulation and interacts with TGIF2 to mediate EMT induction downstream of PKM2.
PKM2 and TGIF2 Recruit HDAC3 to the CDH1 Promoter to Repress
Transcription. TGIF2 is a transcriptional factor that regulates TGF-β signal transduction (17) . Based on the above findings, we hypothesized that TGIF2 could bind to the CDH1 promoter and activate CDH1 expression in the epithelial state. To examine this hypothesis, we performed a ChIP quantitative PCR (qPCR) assay using two sets of primers located in the CDH1 promoter sequence region (Fig. 4A) . We found depressed binding of TGIF2 to the CDH1 promoter region during EMT (Fig. 4B) .
TGIF2 can control transcription by recruiting HDAC in response to TGF-β signaling (17) and PKM2 can associate with HDAC3 in the nucleus (7). To investigate whether TGIF2 can bind to HDAC3 during EMT, we performed immunoprecipitation followed by Western blot analysis and found an association between TGIF2 and HDAC3 under EMT induction (Fig. 4C and Figs. S7B and S8). To examine the acetylation status of histone H3 in the CDH1 promoter region, we performed ChIP qPCR and found that binding of acetylated H3K9 to the CDH1 promoter was decreased under EMT conditions (Fig. 4D) . Furthermore, to understand how the PKM2-TGIF2-HDAC3 complex can bind to the CDH1 promoter, additional ChIP qPCR analysis was performed. The data indicated that similar to the binding of TGIF2, the binding of PKM2 and HDAC3 to the CDH1 promoter was reduced during EMT ( Fig. S9 A and B) .
Given that the TGIF2 protein bound to PKM2 and HDAC3 during EMT (Figs. 3B and 4C and Fig. S7B ), the present study demonstrates that nuclear PKM2 plays a role in the TGIF2-dependent control of CHD1 expression and that EGF induces formation of the PKM2-TGIF2-HDAC3 complex, followed by histone deacetylation, thus resulting in suppressed CDH1 expression. TGF-β1 may modulate the association of this complex, although H3K9 was deacetylated (Fig. 5D ). PKM2 staining intensities were assigned to positive and negative groups (Fig. 5 A-C) . The correlations between PKM2 expression and clinicopathological factors are summarized in Table S1 .
PKM2 Expression in the Deepest
PKM2-positive staining was significantly correlated with metastasis to lymph nodes and distant organs. To further understand the clinical significance of PKM2 in CRC, we analyzed the GSE17536 database of the gene expression array and patient prognosis. To study the specific effect of PKM2 in the array database, we analyzed expression of both PK and its splicing factor hnRNPA2, because hnRNPA2 stimulates the splicing to PKM2 (20, 21) . As expected, cases with high PK and high hnRNPA2 expression showed a poorer prognosis than other groups; the difference in prognosis was apparent in stages III and IV with metastasis ( Fig. S10 A and B) . The data confirmed that PKM2 can enhance the ability of cancer cells to metastasize in primary cancer tissues.
Discussion
In the present study, we demonstrated that nuclear PKM2 interacts with TGIF2 during EMT, which is pivotal in promoting the transition into the mesenchymal cancer cell phenotype. Consequently, we propose a model for the nuclear PKM2 function in response to EMT stimulation (Fig. 5D ). Under epithelial conditions, histone H3 is acetylated on the CDH1 promoter region and CDH1 is transcribed where TGIF2 should serve as an active transcription factor. Once the EMT signal stimulates transformation of the cancer cell, a PKM2 fraction enters the nucleus and associates with TGIF2. We assume that this association will alter the conformation of TGIF2 or its associated complexes, effectively loosening the binding between TGIF2 and the CDH1 promoter sequence to allow the recruitment of HDAC3 and subsequent histone H3 deacetylation. CDH1 expression is suppressed as a consequence of the downregulated promoter activity. In this context, nuclear PKM2 serves as a transcriptional cofactor regulating TGIF2 behavior. Few reports have investigated the significance of TGIF2 in cancer. In ovarian cancer, TGIF2 is reportedly amplified and overexpressed (22) , whereas a comparison between colorectal adenoma and colorectal carcinoma revealed that TGIF2 expression is increased only in the latter (23) . Further, TGIF2 has been shown to interact with TGF-β-activated SMADs and be able to repress the activation of TGF-β-responsive transcription (17) . The present study demonstrated that TGIF2 affects CDH1 expression through the regulation of promoter activity in which TGIF2 is supposed to function as an activating transcription factor.
TGF-β1 is a multifunctional cytokine that has dual and opposing roles in controlling cell fate. In the early stages of cancer, TGF-β1 induces growth arrest and apoptosis, exerting tumorsuppressive effects, whereas in later stages, TGF-β1 enhances tumor progression by provoking a variety of malignancy-related responses, including EMT (24) (25) (26) . This paradox remains unsolved despite numerous studies addressing the issue. However, based on the results in the present study, we propose that the interaction between PKM2 and TGIF2 may offer a plausible explanation. In normal cells, PK expression is exclusively shifted to PKM1, but on TGF-β signaling, TGIF2 can suppress transcription downstream of the SMAD signal. Conversely, in cancer cells abundantly expressing PKM2, PKM2 translocates and is bound to TGIF2 in the nucleus, thereby reversing TGF-β signal transduction. Further investigation is necessary to determine the significance of TGIF2 expression and the precise mechanism underlying this interaction.
Nuclear PKM2 forms a dimer and functions as a protein kinase, whereas cytoplasmic PKM2 forms a tetramer and functions as a pyruvate kinase (15) . In the present study, the dimeric form of PKM2 was increased, suggesting that the protein kinase activity of PKM2 is enhanced during EMT. PKM2 translocates into the nucleus in response to variable signals, of which, the EGF-ERK pathway is the most investigated (7, 27) . Interestingly, TGIF2 is phosphorylated in response to EGF signaling (17) . Given that EGF induces nuclear translocation of PKM2, PKM2 may function as a dimeric protein kinase in the , and E-cadherin. Invasive fronts of tumors were stained by anti-PKM2, anti-E-cadherin, and anti-TGIF2 antibodies, and the intensities were assigned to positive and negative groups. With regard to TGIF2 staining, under the microscopic observation, cases with more than 50% of cells stained in nucleus were designated as positive, whereas the others were negative. (C) The 10 positive and 10 negative cases for cellular PKM2 were examined for nuclear TGIF2 and membranous E-cadherin. (D) Theoretical model illustrating the functional roles of PKM2 and TGIF2 in regulating CDH1 transcription during EMT.
nucleus, phosphorylating TGIF2. However, the phosphorylation status of TGIF2 was not addressed in our study. Gao et al. (15) demonstrated that PKM2 interacts with STAT3 to control downstream gene expression in SW480 cells. Thus, it is conceivable that the molecular interaction of PKM2 is highly context dependent, with cell fate determined by how nuclear PKM2 regulates gene expression.
PKM2 has both metabolic and nonmetabolic functions, which are essential in the cytoplasm and nucleus, respectively. Increasing evidence has suggested that nuclear PKM2 binds to numerous transcriptional factors, thereby conferring cells with advanced malignant potential. The present study determined that PKM2 significantly influences EMT induction by modulating CDH1 expression, thus providing a molecular basis for EMT acquisition. Future cancer treatments may be able to target the inhibition of nuclear PKM2.
Methods
Cell Lines and Culture. The human colorectal cancer cell lines, SW480 and HCT116, were obtained from ATCC, and CaR-1 was obtained from JCRB. These cell lines were grown in DMEM (Sigma-Aldrich) supplemented with 10% (vol/vol) FBS (Thermo Fisher Scientific), 100 U/mL penicillin, and 100 U/mL streptomycin (Life Technologies) and grown at 37°C in a humidified incubator with 5% CO 2 .
EMT Induction. Cells were seeded at a concentration of 5.0 × 10 4 cells/mL and incubated in a humidified atmosphere (37°C and 5% CO 2 ) in standard medium for 48 h, after which they were treated with TGF-β1 (2.5 ng/mL; SigmaAldrich). Next, they were incubated with MEM supplemented with 10 ng/mL FBS-free EGF (Sigma-Aldrich), 100× insulin-transferring selenium (ITS; Life Technologies), and 50 nmol/L hydrocortisone (Tokyo Kasei) for 48-96 h.
